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Abstract 
Bond Dissociation Energy (BDE) of halogen oxides have been studied theoretically. Density Functional Theory (DFT) 
functionals have been performed on the 6-311+G (2df) level of basis set. For comparison, the results of composite method G3B3 
and available experimental data are used. In general both pure DFT functionals and hybrid methods predict excellent results for 
these energies. However, the hybrid method predictions are closer to experimental data than those of pure DFT functionals.   
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1. Introduction 
Chemistry is based on the concept of chemical bonds. The breaking and making of chemical bonds are involved 
in most chemical reactions. Thus accurate data of bond dissociation energies (BDEs) is needed in bond strength 
prediction. A complete database of the experimental data of bond dissociation energies are also needed for 
comparison with the theoretical prediction.  
The Density Functional Theory (DFT) hybrid methods perform better than the pure and local density 
approximation methods in the prediction of molecular geometries and energetics of halogen oxides XO, OXO and 
XO2 species
1. High spin contamination is a problem in certain open shell halogen oxides. Here, we use four DFT 
functionals (B3LYP, B3PW91, PBEPBE, and BLYP) to study the BDE of halogen oxides. Comparison is made 
with the composite method G3B32 instead of G33 due to poor performance of MP2 on fluorine oxide calculations4. 
The G3B3 composite method uses B3LYP optimum geometries for the single point high ab initio calculation series, 
while G3 uses MP2 geometries. 
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2. Computational Details 
In 1983 the DFT was only a footnote in quantum chemistry textbooks4,5. The electronic structure methods that 
use the electronic density originally were developed by Thomas-Fermi (Bloch, 1929)6 and Thomas-Fermi-Dirac 
(Dirac, 1930)7. Related work was also carried out by Gaspar (1954)8 and Slater (1951)9. Modern DFT is based on a 
remarkable result by Hohenberg and Kohn (1965)10 in which without loss of rigor the ground state expectation 
values of all quantum mechanical observables are written as functionals of the electronic ground-state density ρ(r). 
Through the application of the variational principle Hohenberg and Kohn proved that, up to a trivial constant, there 
exists a one-to-one mapping between the external potential and the ground-state electron density. In order to present 
a summary of DFT we suggest the reader to follow the approach of Scuseria (2005)11.  
The DFT is well known for its accuracy and economy in regard to computational effort12. Comparison is made 
with high levels of ab initio calculation, G3 calculations13, G3B3 calculations2 and experimental data where 
available. The equilibrium geometry of non-closed shell compounds is accepted as realistic if spin contamination is 
less than 10 percent. All calculations were performed using Gaussian 03 packages14 and all DFT calculations were 
carried out using the 6-311+G(2df)15,16  level of basis set. Four different DFT functionals have been used to study 
the geometries and energetics of the Bromine oxides.  The pure DFT functional BLYP17 and PBEPBE18, and hybrid 
methods B3LYP19 and B3PW9120 were selected to perform the studies. 
3.  Results and Discussion 
 The bond dissociation energy of fluorine oxides is determined as the energy difference for the reaction
OFO3)1(nFO 1nn o  . The neutral FOn bond dissociation energies are shown in Table 1. The experimental 
values of the bond dissociation energy are derived from the experimental heats of formation21. The B3LYP and 
B3PW91 bond dissociation energy predictions are in very good agreement with the experimental and G3B3 values. 
For the FO bond dissociation energy, both functionals predict results only 0.09 eV different from the experimental 
value. The PBEPBE prediction is 1 eV larger than that of the experimental value. For FOO, similar accuracy is also 
shown by B3LYP and B3PW91. The bond dissociation energy predicted by B3PW91 is only 0.04 eV larger than 
that of experiment, while the B3LYP predicts a value similar to the experimental value. 
 
 
Table 1.  Bond Dissociation Energies for FOn Species (in eV)  
Reactions Methods 
B3LYP B3PW91 PBEPBE BLYP G3B3 Exp* 
OFFO o  2.33 2.33 3.27 2.87 2.29 2.24 
OFOFOO o  3.40 3.44 4.37 4.10 3.42 3.40 
OFOOFOOO o    2.14 1.95   
*Derived from the experimental heats of formation21.  
 
The bond dissociation energies of FOn
+ and FOn
- are shown in Tables 2 and 3, respectively. The experimental 
values of the dissociation energy are derived from the experimental heats of formation of molecules that taken from 
reference21. The BLYP and PBEPBE predictions of bond dissociation energies are higher than that of experiment as 
shown in the tables. As found for the neutral species, B3LYP and B3PW91 perform better than BLYP and PBEPBE. 
In the case of FOn
+ the DFT functional predictions are higher than the experimental values, except for the 
OFOFOO o  by B3LYP and B3PW91. From Table 2 we can conclude that dissociation of cation fluorine 
oxides to O+ is more favorable than to O.  
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Table 2.  Bond Dissociation Energies for Cation FOn+ Species (in eV)  
Reactions Methods 
B3LYP B3PW91 PBEPBE BLYP G3B3 Exp* 
 o OFFO  3.57 3.54 4.77 4.35 3.13 3.10 
 o OFOFOO  4.73 4.67 6.14 5.88 4.70 4.43 
 o OFOOFOOO
 
4.49 4.41 5.21 5.07 4.12  
OFFO o   7.17       7.18 8.15       7.91       6.97       6.91 
OFOFOO o   3.49 3.46 4.64 4.40 3.86 3.57 
OFOOFOOO o 
 
3.17 3.18 3.44 3.29 2.85  
*Derived from the experimental heats of formation21.  
 
Table 3.  Bond Dissociation Energies for Anion FOn- Species (in eV)  
Reactions Methods 
B3LYP B3PW91 PBEPBE BLYP G3B3 Exp* 
 o OFFO  3.01 3.00 3.78 3.57 3.20 3.05 
 o OFOFOO  5.03 4.13 3.41 5.48 4.96  
 o OFOOFOOO
 
2.97 3.02 3.61 3.55 3.32  
OFFO o   1.16 1.11 1.63 1.53 1.13 1.11 
OFOFOO o   4.35 3.46 5.02 4.78 4.05  
OFOOFOOO o 
 
1.33 2.32 2.45 2.17 1.79  
*Derived from the experimental heats of formation21.  
 
For the FOn
- bond dissociation energies, the DFT functional predictions are in very good agreement with 
experimental values. PBEPBE predicts the bond dissociation energy higher than other functionals. In the case of 
 o OFFO , the functional prediction is 0.73 eV higher than experimental value. The bond dissociation energies 
predicted by the hybrid method calculations are close to the experimental values than those of pure DFT functionals. 
However the dissociation of anion fluorine oxides to O is more favoured than to O-.  
The neutral ClOn bond dissociation energies are shown in Table 4. The bond dissociation energy is determined 
as the energy difference for the reaction, OClO3)1(nClO 1nn o  . The B3LYP and B3PW91 bond dissociation 
energy predictions are in very good agreement with the experimental results and the G3B3 values. The experimental 
values of the bond dissociation energy are derived from the experimental heats of formation22. For the ClO bond 
dissociation energy, B3LYP predict a result that only 0.01 eV different from the experimental value (2.75 eV). Both 
BLYP and PBEPBE predict higher energies. For the ClOO bond dissociation energies we only have BLYP and 
PBEPBE results due to spin contamination on ClOO calculation by hybrid methods. Our bond dissociation energies 
prediction is 0.7-0.9 eV higher than that of experimental value. For the ClO3 bond dissociation energies all 
functionals prediction are in very good agreement with the experimental value. 
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Table 4.  Bond Dissociation Energies for ClOn Species (in eV)  
Reactions Methods 
B3LYP B3PW91 PBEPBE BLYP G3B3 Exp* BP86** 
OClClO o  2.76 2.82 3.41 3.22 2.72 2.75 3.15 
OClOClOO o    3.44 3.23  2.57 3.58 
OClOOClO o  2.26 2.42 3.18 2.77 2.54 2.58 2.62 
OClOOClOOO o    2.98 2.72   2.81 
OOClOClO o3  1.26 1.42 1.98 1.57 1.55 1.51 1.49 
*Derived from the experimental heats of formation21,22,23 
  
The bond dissociation energies of ClOn
+ and ClOn
- are shown in Tables 5 and 6, respectively. The experimental 
values of the dissociation energy are derived from the experimental heats of formation various molecules taken from 
reference21. The BLYP and PBEPBE prediction of bond dissociation energies are higher than experiment as shown 
in the Tables. As found for the neutral species, B3LYP and B3PW91 perform better than BLYP and PBEPBE. In the 
case of ClOn+ the pure DFT functional predictions are always higher than the experimental values, except for the 
OClOOClO o  by BLYP. Due to spin contamination we cannot calculate the bond dissociation energies 
involving ClOO using hybrid methods. 
 
Table 5.  Bond Dissociation Energies for ClOn+ Species (in eV)  
Reactions Methods 
 B3LYP B3PW91 PBEPBE BLYP G3B3 Exp* 
 o OClClO  5.99 5.93 6.80 6.72 5.52 5.49 
 o OClOClOO  5.15 5.00 5.97 5.95 4.99  
 o OClOOClO  5.55 5.59 6.73 6.41 5.72 5.88 
 o OClOOClOOO    6.97 6.85   
 o OOClOClO 3  4.10 4.18 5.14 4.77  3.73 
OClClO o   4.90 4.99 5.70 5.45 6.33 4.84 
OClOClOO o   1.92 1.89 2.58 2.45 3.30  
OClOOClO o   2.32 2.48 3.34 2.91 4.03 3.14 
OClOOClOOO o   3.60 3.68 4.45 4.12 3.84  
OOClOClO o 3  0.81 1.01 1.59 1.13 0.98 0.44 
*Derived from the experimental heats of formations21.  
For the bond dissociation energy of ClO+ the hybrid method predictions are in very good agreement with the 
experimental values, but the predictions are lower than experimental values on the OClO+ dissociation energy. In the 
case of ClOOO+ we only compare the results with the G3B3 prediction. The hybrid method predictions are also 
better than those of pure DFT functional. For the symmetric ClO3
+ bond dissociation energy our DFT predictions are 
higher than the experimental value, and the B3LYP predicts better than other functionals. The dissociation to neutral 
O is more favourable than that to cation O. 
In the case of ClOn
- the DFT functional predictions of bond dissociation energies are in good agreement with the 
experimental values. We cannot calculate the dissociation energies for reaction involving ClOO due to spin 
contamination at hybrid method calculations. The prediction of ClO- bond dissociation energies by both hybrid and 
pure DFT functionals are in very good agreement each other and with the experimental data. However the hybrid 
methods perform better than pure DFT functionals.  
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Table 6. Bond Dissociation Energies for ClOn- Species (in eV)  
Reactions Methods 
 B3LYP B3PW91 PBEPBE BLYP G3B3 Exp* BP86** 
 o OClClO  3.40 3.54 3.91 3.79 3.66 3.57 3.54 
 o OClOClOO  3.53 3.56 4.10 4.05 3.74  5.09 
 o OClOOClO  2.88 3.06 3.50 3.23 3.39 3.50 2.96 
 o OClOOClOOO    3.73 3.30   2.80 
 o OOClOClO 3  3.79 3.99 4.20 3.89 4.43 4.31 3.68 
OClClO o   1.32 1.34 1.87 1.68 1.39 1.41 1.58 
OClOClOO o   2.88 2.85 3.60 3.48 2.80  4.70 
OClOOClO o   2.24 2.35 3.00 2.66 2.45 2.67 2.57 
OClOOClOOO o   2.32 2.39 3.24 2.96 2.43  2.02 
OOClOClO o 3  3.17 3.34 3.88 3.43 3.58 3.37 3.35 
*Derived from the experimental heats of formations21,22  
 
 
In the case of OClO- the pure DFT functional predictions are better than those of hybrid methods. The hybrid 
methods overestimate the bond dissociation energies. For symmetric ClO3
- the pure DFT also perform better than 
the hybrid methods. As with ClOn
+ bond dissociation energies, dissociation to neutral O is more favourable than to 
anion O.  
 
Table 7.  Bond Dissociation Energies for BrOn Species (in eV)  
Reactions Methods 
 B3LYP B3PW91 PBEPBE BLYP Exp* BP86** 
OBrBrO o  2.54 2.56 3.25 3.04 2.40 3.05 
OBrOBrOO o    3.53 3.29 2.74 3.56 
OBrOOBrO o  2.07 2.17 3.00 2.67 2.27 2.81 
OBrOOBrOOO o    2.90 2.66  2.82 
OOBrOBrO o3  1.14 1.24 1.89 1.57 1.82 1.60 
*Derived from the experimental heats of formations21,22  
 
The neutral BrOn bond dissociation energies are shown in Table 7. The bond dissociation energy is determined 
as the energy difference for the reaction OBrO3)1(nBrO 1nn o  . The B3LYP and B3PW91 bond dissociation 
energy predictions are in very good agreement with the experimental values, derived from the experimental heats of 
formation21,22. For the BrO bond dissociation energy, B3LYP predict a result that only 0.14 eV different from the 
experimental value (2.40 eV). Both BLYP and PBEPBE predict higher energies. For the BrOO bond dissociation 
energies we only have BLYP and PBEPBE results due to spin contamination on BrOO calculation by hybrid 
methods. For the symmetric BrO3 bond dissociation energies, the PBEPBE prediction is the best. The pure DFT 
functional predictions are more accurate than those of hybrid method. 
The bond dissociation energies of BrOn
+ and BrOn
- are shown in Tables 8 and 9, respectively. The experimental 
values of the dissociation energy are derived from the experimental heats of formation various molecules taken from 
reference21. For the BrOn
+, the BLYP and PBEPBE prediction of bond dissociation energies are much higher than 
available experiment data as shown in the Tables. As found for the neutral species, B3LYP and B3PW91 perform 
better than BLYP and PBEPBE. In the case of BrOn
+ the pure DFT functional predictions are always higher than the 
hybrid method predictions. However the pure DFT functional predictions for the OBrOOBrO o   are better than 
those of hybrid method. Due to spin contamination we can not calculate the bond dissociation energies involving 
BrOO on hybrid methods. 
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Table 8.  Bond Dissociation Energies for BrOn+ Species (in eV)  
Reactions Methods 
 B3LYP B3PW91 PBEPBE BLYP Exp* 
 o OBrBrO  6.22 6.11 7.12 7.04 5.57 
 o OBrOBrOO  5.79 5.72 6.91 6.79  
 o OBrOOBrO  5.43 5.39 6.68 6.47 5.61 
 o OBrOOBrOOO    7.19 7.10  
 o OOBrOBrO3  3.59 3.58 4.70 4.46  
OBrBrO o   4.01 4.03 4.87 4.66 3.76 
OBrOBrOO o   2.11 2.18 3.05 2.80  
OBrOOBrO o   1.75 1.85 2.82 2.47 2.44 
OBrOOBrOOO o   3.25 3.24 3.81 3.60  
OOBrOBrO o 3  0.22 0.36 1.03 0.66  
*Derived from the experimental heats of formations21,22 
 
In the case of BrOn
- the DFT functional predictions of bond dissociation energies are in good agreement with the 
experimental values. We can not calculate the dissociation energies for reaction involving BrOO due to spin 
contamination on hybrid method calculations. The prediction of BrO- bond dissociation energies by both hybrid and 
pure DFT functionals are in very good agreement each other and with the experimental data. However the hybrid 
methods perform better than pure DFT functionals.  
In the case of bond dissociation energies of BrOn
+ and BrOn
-, the separation to neutral O is more favourable than 
ionic O as shown in Table 8 and 9. Similar features are also found on the ionic chlorine and fluorine oxides bond 
dissociation energies as discussed in previous section. 
 
Table 9.  Bond Dissociation Energies for BrOn- Species (in eV)  
Reactions Methods 
 B3LYP B3PW91 PBEPBE BLYP Exp*  BP86** 
 o OBrBrO  3.28 3.40 3.84 3.68 3.29 3.55 
 o OBrOBrOO  4.74 4.87 5.09 4.97  5.03 
 o OBrOOBrO  2.95 3.12 3.56 3.33 3.30 3.29 
 o OBrOOBrOOO    3.68 3.63  3.84 
 o OOBrOBrO3  4.03 4.21 4.44 4.17  4.16 
OBrBrO o   1.33 1.33 1.88 1.71 1.39 1.75 
OBrOBrOO o   4.00 4.04 4.50 4.34  4.53 
OBrOOBrO o   2.22 2.28 2.98 2.70 2.41 2.79 
OBrOOBrOOO o   1.46 1.44 2.13 1.95  4.11 
OOBrOBrO o 3  3.14 3.26 3.88 3.50  3.68 
*Derived from the experimental heats of formations21,22,24   
Conclusions 
Theoretical predictions of bond dissociation energies of FOn, FOn
+, and FOn
- are also studied. Both pure DFT 
functionals and hybrid methods predict excellent results for these energies. However the hybrid method predictions 
are closer to experimental data than those of pure DFT functionals. Bond dissociation energies of ClOn, ClOn
+, and 
ClOn
- are studied. The DFT functional predictions are in very good agreement with the experimental data. Especially 
PBEPBE functional sometimes predicts higher value than other functionals and experimental data. Bond 
dissociation energies of BrOn, BrOn
+, and BrOn
- are studied. The DFT functional predictions are in very good 
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agreement with the experimental data. The PBEPBE functional sometimes predicts higher values than other 
functionals and experimental data.  
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